An organ culture system was used to study the effect of D -glucose on embryonic kidneys, and to delineate the mechanism ( 
Introduction
Diabetes mellitus is a common metabolic disorder in which the hyperglycemic state seems to adversely affect the homeostasis of various organ systems, including the kidney (1, 2) . The pathologic changes of the kidney are characterized by biochemical alterations of the extracellular matrix (ECM) 1 macromolecules; the latter are believed to regulate morphogenesis of different organ systems (3, 4) . In this regard, a significant increase in the congenital defects, involving multiple organs, in the offsprings of poorly controlled juvenile diabetic mothers have been described (5) (6) (7) (8) (9) . The congenital defects include failure in the closure of neural tube, caudal regression syndrome, and genito-urinary abnormalities, including agenesis of the kidney. Similarly, an increased incidence of congenital defects has been observed in the offsprings of alloxan-and streptozotocin-induced diabetic rats and mice (10) (11) (12) (13) (14) , and also in nonobese diabetic mice (15) . In embryos of these murine diabetic mothers, changes in some of the ECM macromolecules (16) , altered mitochondrial morphology of the anterior neuropore (17) , perturbed phosphorylation or dephosphorylation processes relevant to the tyrosine kinase activities of growth factor receptors (18, 19) , and metabolism of myo-inositol (20) have been described. In addition, certain other mechanisms (e.g., free oxygen radical-induced injury, reference 21), may also be relevant in the pathogenesis of hyperglycemia-induced embryopathy. The induction of such embryonic defects and the mechanisms involved have been further investigated in whole rat embryo culture systems (22, 23) . Exposure of rat embryos, harvested during the midgestational period, to elevated concentrations of aldohexoses (i.e., glucose, fructose, mannose, and galactose) for 3-4 d results in the development of complex abnormalities confined to the lower half of the body; e.g., nonclosure of the neural tube (13, 14, 23) . These extensive in vivo as well as in vitro studies, carried out over a period of 2-3 decades, strongly suggest a significant correlation between the hyperglycemic state and abnormal development of the mammalian embryo. However, available data concerning the dysmorphogenetic effect of hyperglycemia on the individual embryonic organ system, (e.g., metanephros) are rather limited.
The mammalian metanephros develops by cranial migration of the ureteric bud, followed by reciprocal interaction of its epithelia with the undifferentiated mesenchyme (24) . During these interactions, a number of protooncogenes, growth factors, ECM macromolecules, and their receptors regulate metanephric morphogenesis that involves the differentiation of mesenchyme into glomerular and tubular elements of the kidney (25, 26) . Of particular interest are the ECM macromolecules, especially the proteoglycans (PGs), which are present at the epithelial/mesenchymal interface and influence the morphogenesis of a number of organ systems (3, 4) , including the embryonic kidney (25, 27, 28) . The PGs, thus, are regarded as critical morphogens, which apparently regulate mammalian embryogenesis under the influence of certain developmentally regulated protooncogenes and growth factors and their receptors (26) (27) (28) (29) (30) (31) (32) . Conceivably, the decreased expression of PGs may lead to development of congenital defects involving vari-ous organs. Since hyperglycemia has been shown to induce alterations in the ECM macromolecules (33) (34) (35) (36) (37) , it is quite possible that the elevated concentration of glucose would exert dysmorphogenetic effects by adversely affecting the expression of PGs and possibly certain other processes relevant to the embryonic development. In this study, the effect of D -glucose on the metanephric development and the mechanism(s) related to the altered expression of PGs and morphogenesis of the embryonic kidneys were investigated.
Methods
An in vitro culture system was employed to study the effects of elevated concentrations of glucose on organogenesis of murine embryonic kidneys, and metanephrogenesis was evaluated by various morphological and biochemical techniques.
Organ culture system and experimental design. Embryonic kidneys were harvested from fetuses of ICR female mice (Harlan SpragueDawley, Inc., Indianapolis, IN) at day 13 of gestation, and maintained in an organ culture system as previously described (27, 28) . The initiation point of the culture was designated as day 0, and the kidneys were maintained for 7 d in a serum-and insulin-free culture medium at 37 Њ C in a humidified incubator with a mixture of 95% air and 5% CO 2 . The medium consisted of equal volumes of Dulbecco's modified Eagle's medium and Ham's nutrient mixture F12 (Sigma Chemical Co., St. Louis, MO), supplemented with transferrin (50 g/ml), penicillin (100 g/ml), and streptomycin (100 g/ml); pH was maintained at 7.4. Initially, the fetal kidneys were exposed to varying concentrations of D -glucose (5-50 mM), and examined on days 1 to 7 of culture. 30 mM of D -glucose was used for subsequent experiments since, at that concentration, optimal effects with no discernible cytotoxicity were observed by light microscopy (LM) and electron microscopy (EM). L -glucose was used as a control, and ‫ف‬ 50 explants were used for each time point and variable in various morphological and biochemical studies. The metanephric explants were also radiolabeled with either [ Morphological studies. The metanephric explants, from days 1 to 7 of culture were immersion fixed in Karnovsky's paraformaldehydeglutaraldehyde fixative and processed for LM and EM (27, 28) . For LM, serial 0.5-m-thick sections ( ‫ف‬ 100 sections/explant) of EPONembedded whole metanephric kidneys were prepared and stained with 1% toluidine blue. The coronal sections across the midplane of metanephric explants, which included the maximum number of ureteric bud iterations, were evaluated. For EM, 600-Å-thick sections, which included epithelial as well as mesenchymal components of the metanephric tissues, were examined.
The studies were extended to determine the extent of apoptosis at various stages of metanephric culture under the influence of glucose. An in situ Cell Death Detection Kit (Boehringer Mannheim Biochemicals, Indianapolis, IN) was employed, in which nicked or blunt ends of the DNA strands or the 3 Ј OH ends of the genomic DNA are labeled with fluorescein dUTP and the reaction is catalyzed by terminal deoxynucleotidyl transferase (TdT). This procedure is also known as the TUNEL (TdT-mediated X-d-dUTP nickend labeling) method. For these studies, the explants were immersion fixed in 4% phosphate-buffered (pH 7.4) paraformaldehyde solution for 2 h at 24 Њ C and embedded in paraffin blocks. 4-m-thick sections were prepared, mounted on clean glass slides, deparaffinized, and rehydrated by treatment with decreasing concentrations of ethanols. After which, the sections were incubated with proteinase K (20 g/ml in 10 mM Tris-HCl, pH 7.4) for 20 min at 37 Њ C. The sections were then washed with PBS and processed for TUNEL reaction per instructions provided by the manufacturer, and examined with an ultraviolet microscope equipped with epi-illumination. Appropriate positive (DNasedigested) and negative (TdT-untreated) controls were performed during the TUNEL reaction.
[ 3 H]Thymidine incorporation studies. The metanephric explants, exposed to D -or L -glucose for 3 d, were radiolabeled with [ 3 H]thymidine (0.025 mCi/ml) for 12 h, and processed for determination of total incorporated radioactivity and LM autoradiography (27, 28) . Midpoint of the culture (day 3) was selected for these experiments since no apparent morphologic changes (i.e., size of the kidney or population of nephrons) were observed in the metanephric explants up to that point. For determination of total incorporated radioactivity, the explants were washed twice with cold medium and treated with 5% trichloroacetic acid for 30 min at 90 Њ C. The hydrolysate was cooled and microfuged, and the supernatant was saved. The DNA content was measured by the diphenylamine method (38) , and the total [ 3 H]thymidine incorporation was expressed as disintegrations per minute/microgram DNA. For tissue autoradiographic studies, 0.5-m-thick sections were mounted onto the glass slides and coated with ILFORD K5 photographic emulsion (Polysciences Inc., Warrington, PA). The sections were developed after 2-3 wk of exposure, photographed, and examined.
[ 35 
S]Methionine incorporation and immunoprecipitation studies.
Immunoprecipitation studies were performed to evaluate the status of major ECM morphogenetic elements; i.e., type-IV collagen, laminin, and heparan sulfate proteoglycans (HS-PG). The kidneys were treated with D -or L -glucose for 3 d, and then radiolabeled with [ 35 S]methionine (0.25 mCi/ml) for 12 h, and processed for immunoprecipitation as previously described (30) (31) (32) . After determining the total incorporated radioactivity for each variable, an equal amount of incorporated radioactivity was used for immunoprecipitation with various polyclonal antibodies. The primary antibodies included antitype IV collagen, -laminin (Gibco Laboratories, Grand Island, NY) and -core protein of HS-PG (30) (31) (32) . After a second immunoprecipitation with protein-A Sepharose (Pharmacia LKB Biotechnology Inc., Piscataway, NJ), the whole immunoprecipitated product was subjected to SDS-PAGE; the gels were then dried and autoradiograms prepared.
Gene expression studies. Reverse transcriptase-PCR (RT-PCR) technique was employed to study the gene expression of known morphogenetic ECM proteins in metanephric tissues treated with glucose. First, a competitive minigene plasmid DNA construct containing sequences of various ECM proteins and their receptors was synthesized using various primers. The nucleotide sequences of 5 Ј sense (SE) and 3 Ј antisense (AS) primers were derived from data available in Genbank/EMBL/DDBJ. The respective sequences of 5'SE and 3 Ј AS primers were as follows: type-IV collagen, 5 Ј -GG-GAGCATGAAGGGACAG-3 Ј (5'SE) and 5 Ј -CAGGGCCTTGCT-GGCTTC-3 Ј (3 Ј AS); laminin-A chain, 5 Ј -CATGGAAATGCAAG-CCAACC-3 Ј (5'SE) and 5 Ј -GCCATGGTGGAGAAGACGCTC-3 Ј (3 Ј AS); perlecan (basement membrane HS-PG), 5 Ј -GCTGCTA-GCGGTGACGCATG-3 Ј (5'SE) and 5 Ј -GTTCCGACGCCTGGG-CACAG-3 Ј (3 Ј AS); and ␤ -actin, 5 Ј -GACGACATGGAGAAGAT-CTGG-3 Ј (5'SE) and 5 Ј -ATGGCCACTGCCGCATCCTC-3 Ј (3 Ј AS). Using these primers and murine embryonic renal cDNA, the PCR products of the expected size of 392 bp (type-IV collagen), 747 bp (laminin A chain), 520 bp (perlecan), and 460 bp ( ␤ -actin) were generated, and their authenticity was confirmed by nucleotide sequence analyses, as previously described (30) . After determining the suitablity of these primers for PCR reactions, two sets of long 5 Ј and 3 Ј polydeoxynucleotide (PDN) single-stranded DNAs in SE and AS orientations with overlapping extensions were synthesized in Northwestern University's biotechnology facility. The 5 Ј SE-PDN (110 mer) included, in seriatum, the nucleotide sequences of type-IV collagen, laminin A chain, perlecan, integrin-␣ 3 , -␣ 5 , and -␣ 6 ; while the 5 Ј AS-PDN (105 mer) had sequences of ␤ -actin, fibronectin, basic fibroblast growth factor-receptor (bFGF-R), integrin-␣ 6 , -␣ 5 , and ␣ 3 . The 3 Ј SE-PDN (112 mer) included the sequences of type-IV collagen, laminin A chain, perlecan, integrin-␣ 3 , -␣ 5 , and -␣ 6 ; while the 3 Ј AS-PDN (109 mer) had sequences of ␤ -actin, fibronectin, bFGF-R, integrin-␣ 6 , -␣ 5 , and -␣ 3 . The 5 Ј SE-and 5 Ј AS-PDNs were annealed and amplified by PCR to generate a double-stranded DNA with 183-bp product. Similarly, 3 Ј SE-and 3 Ј AS-PDNs were annealed and amplified by PCR to generate a double-stranded DNA with 183-bp product. The 5 Ј and 3 Ј generated products were subjected to blunt end ligation, followed by amplification with PCR, using type-IV collagen 5 Ј sense primer and ␤ -actin 3 Ј antisense primer, to generate a final template DNA with 386 bp; the latter was ligated into pCR TM II cloning vector (Invitrogen Corp., San Diego, CA), and its nucleotide sequence was confirmed by dideoxy chain termination method (30, 31, 39) . This template DNA was designated as competitive plasmid DNA to be used in gene expression studies of various ECM proteins. Using the competitive plasmid DNA as a template for primers of various ECM proteins, the expected size of their products is relatively small (221-224 bp), and thus can be easily distinguished from the PCR products generated from murine renal embryonic cDNA.
Renal cDNAs were prepared from metanephric explants exposed to D -or L -glucose for 3 d, as previously described (30) (31) (32) . Briefly, total RNA was extracted from the metanephric explants by acid guanidinium isothiocyanate-phenol-chloroform extraction method (40). Extracted RNA was digested with RNase-free DNase (1 U/ l) in the presence of ribonuclease inhibitor (1 U/ l) for 1 h at 37 Њ C. After another chloroform-phenol extraction, the RNA was reprecipitated with ethanol in the presence of RNase-free glycogen (0.1 g/ l). About 50 g of total RNA was used for first strand synthesis using mouse Maloney leukemia virus reverse transcriptase (25 U/ l) and oligo ( dt ) as a primer. The cDNA was ethanol precipitated, dried, and resuspended in 50 l of deionized autoclaved water and used for competitive PCR analyses. First, linearity relationship between the cDNA and competitive plasmid DNA were determined for each of the ECM proteins. A fixed amount (1 l) of "cDNA" from control untreated explants was coamplified with serial logarithmic dilutions (10
) of "competitive minigene plasmid DNA" using sense and antisense primers for a given ECM protein. The reaction mixture included 5 l of 10 ϫ PCR buffer (100 mM Tris-HCl, pH 8.3, 15 mM MgCl 2 , 500 mM KCl, 0.01% gelatin), 250 M of each dNTPs, 1 M of 5 Ј sense and 3 Ј antisense primers, and 1 U Taq polymerase (PerkinElmer Corp., Norwalk, CT) in a total volume of 50 l. The amplification reaction was carried out for a total of 25 cycles in a Thermal Cycler (Perkin-Elmer Corp.) as follows: denaturation at 94 Њ C for 1 min, annealing at 60 Њ C for 1 min, and extension at 72 Њ C for 2 min. The PCR products of cDNA and competitive plasmid DNA were digested with EcoRI, subjected to 2% agarose gel electrophoresis, and photographed using an instant postitive/negative film (665; Polaroid Corp., Cambridge, MA). The negatives were analyzed by a scanning densitometer (Hoefer Scientific Instruments, San Francisco, CA), and the relative area underneath the tracings was computed. The ratios between the densitometric readings of cDNA-and competitive plasmid DNA-PCR products were plotted using logarithmic scale on the ordinate (y-axis) against the logarithmic dilutions of the competitive plasmid DNA on the abscissa (x-axis). After establishing linearity relationship for the working range, cDNAs isolated from D -and L -glucose-treated explants were subjected to competitive PCR analyses, using primers for type-IV collagen, laminin-A chain, and perlecan. A control analysis was carried out using primers for ␤-actin.
DNA: protein binding and gel mobility assays. These assays were performed to explore the possible mechanism(s) responsible for the glucose-induced altered expression of one of the major morphogenetic ECM elements, i.e., proteoglycans. The status of activated protein-2 (AP-2) was studied since two viral enhancer AP-2 motifs and three short palindromic direct and indirect repeats have been localized upstream apart from the promoter region of the perlecan, the basement membrane proteoglycan (41) . First the nuclear extracts were prepared by following the method described by Dignam et al. (42) . Briefly, metanephric explants were transferred to ice cold extraction buffer containing 10 mM Hepes, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, and 1 mM PMSF, pH 7.4, and lysed by briefly homogenizing in a Dounce homogenizer. The nuclei were pelleted by centrifuging the homogenate at 3,300 g for 15 min at 4ЊC. The nuclear pellet was suspended in half packed nuclear volume (pnv) of low salt extraction buffer containing 20 mM Hepes, 25% glycerol (vol/vol), 1.5 mM MgCl 2 , 20 mM KCl, 0.2 mM EDTA, 0.5 mM DTT, and 0.5 mM PMSF. While stirring the suspended pellet, another half pnv of the same buffer was added, and the KCl concentration was raised to 1.2 M. The stirring was continued for 30 min at 4ЊC, following which the extract was centrifuged at 25,000 g for 30 min. The supernatant was saved and dialyzed against two changes of 50 vol buffer containing 20 mM Hepes, 20% glycerol (vol/vol), 0.1 M KCl, 0.2 mM EDTA, 0.5 mM DTT, and 1.0 mM PMSF for 6 h. Aliquots of each variable were made after adjusting the final protein concentration to 1 g/l, and stored at Ϫ80ЊC until further use.
A double-stranded oligodeoxynucleotide (dsODN) with AP-2-specific recognition sequences (i.e., 5Ј-GAACTGACCGCCCGCGGC-CCG TG-3Ј) (43) was synthesized and radiolabeled with [␥ 35 S]-ATP using T4 polynucleotide kinase. The binding reaction mixture included 1:10 diluted Hepes buffer (Hepes 10 mM, pH 7.9, 1.2 M NaCl, 10 mM MgCl 2 , 10 mM DTT, and 1 mM EDTA), dsODN (10,000 cpm), 5 g poly [d(I-C)], 10 g nuclear protein extract, and BSA with a final concentration of 300 g/ml. The reaction was carried out at 30ЊC for 15 min. Specificity of the binding was ascertained by adding either 10 times excess unlabeled dsODN to competitively inhibit DNA-protein interactions or anti-AP-2 antibody (Upstate Biotechnology Inc., Lake Placid, NY) in various reaction mixtures. Additional experiments were carried out in which explants were concomitantly exposed to glucose and insulin (0.6 U/ml). The binding complexes from all the reactions were subjected to native (nondenatured) 5% polyacrylamide gel electrophoresis at 4ЊC. The gels were dried, and autoradiograms prepared.
Experiments with ATP. Another mechanism by which glucose could induce altered perlecan expression may relate to the depletion of energy stores, as observed with other aldohexoses (34) . Thus, intracellular levels of ATP were determined by hexokinase reaction method described by Lang and Michael (44) in glucose-treated metanephric explants. They were exposed to D-or L-glucose for 1-9 h in the presence or absence of [ 35 S]sulfate (0.5 mCi/ml); the latter was used to radiolabel the sulfated proteoglycans. Thereafter, the explants were immediately homogenized in ice cold 0.3 M perchloric acid. After an equilibration on ice for 10 min, the homogenate was centrifuged at 5,000 g for 15 min at 4ЊC, and supernatant was neutralized to pH 7.0. 100-l aliquots were prepared and stored at Ϫ70ЊC. 1 ml of reagent mixture (50 M Tris, pH 8.0, 100 mM glucose, 0.1 mM MgCl 2 , 50 M NADP ϩ , and 0.08 g/ml glucose-6-phosphate) was added to each thawed aliquot. Fluorometer readings were recorded before and 10 min after the addition of 10 l hexokinase (0.1 g/ml) to the reaction mixture. The ATP concentration was calculated by comparing the values to a standard curve, and ultimately expressed as nanomoles of ATP per metanephric explant. For the repletion experiments, 100 M ATP was included in the medium in the presence or absence of D-or L-glucose. In these experiments, the media containing fresh ATP was changed every 4 h for the entire culture period up to 7 d. The explants radiolabeled with [ 35 S]sulfate were extracted with 4 M guanidine-HCl solution containing a mixture of protease inhibitors (27) . The extracts were subjected to DEAE-Sephacel chromatography (Pharmacia LKB Biotechnology Inc.) using a continuous gradient of 0.1-1.0 M NaCl in 8 M urea solution containing 50 mM sodium acetate and 0.2% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS, Sigma Chemical Co.), pH 6.0 (32). The incorporated radioactivity in fractions eluted above 0.3 M NaCl concentration was determined and normalized to per microgram of protein.
Results
Normally, in vivo, the kidney develops by reciprocal inductive interaction of the ureteric epithelial bud with the undifferentiated metanephric mesenchyme (24) . As a result, nephron de-velopment ensues with differentiation of induced mesenchyme into epithelial phenotype, which undergoes a series of developmental stages; i.e., vesicle, comma, and S-shaped body stages. The distal portion of the S-shaped body differentiates into a precapillary stage glomerulus, while its proximal antipolar segment develops into proximal and distal tubules. These stages are also seen in developing metanephroi maintained for 1-10 d in an in vitro serum-free organ culture system. Being a serum-free culture system, the effects of various modulators of renal growth can be readily studied. This investigation relates to the study of glucose-induced alterations in the developing metanephros and the elucidation of mechanism(s) responsible for its dysmorphogenesis.
D-Glucose-induced morphological characteristics. Metanephroi were examined 1, 4, and 7 d after exposure of glucose. By light microscopy, no appreciable changes in the morphology were observed after day 1. By day 4, a mild decrease ‫ف(‬ 10%) in the size of the metanephroi and nephron population was noted. The alterations were mainly observed on the 7th day of exposure to D-glucose. They included reduction ‫ف(‬ 50%) in the size of metanephroi and population of nephron elements (Fig. 1, B vs. A) . Very few well-developed nephrons (i.e., precapillary-stage glomeruli) and tubules were observed (Fig. 1  B) . Vesicle and S-shaped body elements were not present. Notably, the metanephric mesenchyme was atrophic and included cells with condensed nuclei (Fig. 1 B, small arrows) . The ureteric bud and its primary iterations were thickened, while the secondary iterations of the ureteric bud were rudimentary and exhibited a marked degree of branching dysmorphogenesis and atrophy. The tertiary iterations were absent. The tips of the ureteric bud branches, the site of nascent nephron formation, were blunted and had lost their acuteness. The control metanephroi exposed to L-glucose did not reveal any signifi- cant pathologic changes, and normal branching morphogenesis of the ureteric bud branches and nephron development was seen (Fig. 1 A) . Ultrastructural examination of metanephroi treated with D-glucose for 7 d revealed changes, which were mostly confined to the mesenchymal cells. The changes included the apoptosis of the mesenchymal cells in the vicinity of the epithelial phenotype of the ureteric bud branches or nephron elements. In some fields, the apoptotic bodies in different stages of development were observed (Fig. 2 B) . Many cellular nuclei had peripheral crescents of compacted chromatin (Fig. 2  B, 1) , while others had condensed chromatin bodies (Fig. 2 B,  2) . In some cells, the whole nuclear chromatin was uniformly condensed (Fig. 2 B, 3) . A few mesenchymal cells undergoing mitosis were also seen adjacent to the apoptotic bodies. The embryonic kidneys exposed to L-glucose did not reveal any significant ultrastructural alterations (Fig. 2 A) . The extent of apoptosis, which is usually best assessed by electron microscopy (vide supra), was further evaluated by the TUNEL procedure that employs labeling of apoptotic cells with fluoresceinated dUTP. The metanephroi exposed to D-glucose for 1 d showed minimal differences in the labeling of cells as compared with the control L-glucose (Fig. 3 B vs. A) . At day 4 of the organ culture, a mild increase in the labeling of the cells was observed in explants treated with D-glucose (Fig. 3 D vs. C). Notable differences were observed on day 7, where a remarkable increase in the labeling of apoptotic cells was observed in D-glucose-treated metanephroi compared with the control (Fig. 3, F vs. E) . Interestingly, most of the labeled apoptotic cells were confined to the metanephric mesenchyme, and a few in the ureteric bud. ]thymidine also showed a moderate reduction in the incorporated radioactivity, as reflected by the reduced number of silver grains (Fig. 4, B vs. A) . The reduction of silver grains was mainly confined to the outer cortex or nephrogenic zone of the metanephros, the site where active epithelial/mesenchymal interactions take place. No significant differences were observed in the remaining parenchyma of the metanephros, suggesting that, like apoptosis, the major changes are confined to the metanephric mesenchyme, the latter being programmed to differentiate into epithelial phenotype, and where maximal cell replication occurs.
Status of various extracellular matrix components. Since the reciprocal epithelial/mesenchymal interactions are influenced by the ECM, the studies to assess the glucose-induced alter- ations in the de novo synthesis of proteins by the metanephroi were performed. Initially, the effect on overall protein synthesis was determined in metanephroi exposed to glucose for 3 d in culture. A mild reduction in [ 35 S]methionine-associated incorporated radioactivity was observed in D-glucose-treated kidneys as compared with the control (3.72Ϯ0.25 ϫ 10 7 vs. 4.65Ϯ0.32 ϫ 10 7 dpm/explant, n ϭ 50). Although the D-glucose induced only a mild decrease in total incorporated radioactivity, the immunoprecipitation experiments revealed notable changes in the ECM components, especially in the expression of HS-PG. A marked decrease ‫ف(‬ fourfold) in the anti-HS-PG immunoprecipitated incorporated radioactivity was observed in explants treated with D-glucose as compared with L-glucose (Fig. 5) . Also, the autoradiograms of agarose-PAGE revealed remarkably reduced intensity of the HS-PG band (Fig. 5, left) Fig. 12 ). The autoradiograms of SDS-PAGE of laminin and type-IV collagen revealed no significant decrease in the intensity of the bands, suggesting minimal alterations in the de novo synthesis of their chains (Fig. 5, middle and right) . Also, a minimal decrease in the incorporated radioactivity associated with laminin and type-IV collagen was observed.
Gene expression studies. Since immunoprecipitation studies suggested altered expression of certain ECM components, studies to ascertain whether or not the D-glucose-induced changes are also related to the alterations in the posttranscriptional events were performed. Because a large number of explants (i.e., 500-1,000 per variable) are needed for Northern blot analysis, RT-PCR was employed to assess the gene expression. First a minigene construct, to be used for competitive RT-PCR analyses, was prepared (Fig. 6) Using this construct and the cDNA prepared from explants harvested at day 13 of gestation, a linearity in the ratios of PCR products of perlecan cDNA to minigene plasmid DNA could be maintained when plotted against 10 Ϫ6 serial logarithmic dilutions of competitive plasmid DNA (Fig. 7) . Within this range of serial dilutions, the bands of embryonic kidney cDNA and plasmid DNA PCR products of perlecan were discernible for densitometric analyses to obtain a ratio, and thus we proceeded to RT-PCR analyses on explants treated with glucose for 3 d. In control (L-glucose) explants, the ratio in the intensity of the bands maintained a linearity up to a dilution of 10
Ϫ4
, while in D-glucose-treated explants, the competitive plasmid DNA needed to be diluted further, (i.e., to 10
Ϫ8
) to visualize the bands and obtain a ratio (Fig. 8 ). This suggests a marked decreased in the concentration of perlecan cDNA, reflective of mRNA expression, under the influence of D-glucose. Similarly, after establishing the linearity relationships for other extracellular matrix proteins, RT-PCR analyses were performed for the expression of type-IV collagen and laminin. In contrast to the remarkable decrease in perlecan, the mRNA expressions for type-IV collagen and laminin A chain were minimally affected by the D-glucose treatment (Fig. 9) . No significant differences in the ␤-actin expression were observed between the D-and L-glucose-treated kidneys.
DNA: protein binding analyses. Since AP-2 motifs are present in the promoter region of the perlecan, their functionality was assessed in these studies, which could explain the reduced S]ATP-labeled AP-2 dsODN, followed by nondenaturing polyacrylamide gel electrophoresis and preparation of autoradiograms. In the D-glucose-treated group, a notable decrease in the intensity of autoradiographic bands was observed as compared with the control (Fig. 10, lane 2 vs. 1) , suggesting possibly a reduced concentration in the active moiety of AP-2 binding protein(s) or alternatively, interference in the DNA/ protein interactions. With the addition of insulin in the organ culture medium, the intensity of the autoradiographic band increased. The intensity was higher in explants treated with insulin ϩ L-glucose vs. insulin ϩ D-glucose (Fig. 10, lanes 3 and 4) , suggesting an increased phosphorylation of binding proteins or normalization of the DNA/protein interactions. Specificity of DNA/protein interactions was established by competition experiments, in which 10-fold excessive unlabeled AP-2 dsODN was added to the incubation mixture. In this competition experiment, no autoradiographic band was observed (Fig. 10,  lane 5) . The specificity was further confirmed by gel shift assay, in which specific AP-2 antibody was added to the incubation mixture. With the inclusion of the AP-2 antibody in the incubation mixture, the autoradiographic band shifted to a higher position (Fig. 10, lane 6) . These results suggest that the reduced mRNA expression by D-glucose treatment may be related to perturbed DNA/protein interactions regulating the events confined to upstream of the promoter region of the perlecan gene, which may be due to the activation, either by phosphorylation or by some other modification, of AP-2 binding proteins.
ATP analyses and [
35 S]sulfate incorporation. Another mechanism that could explain the reduced expression of perlecan mRNA may relate to the decreased intracellular ATP pool, which in turn are likely to affect various phosphorylation events. Thus, ATP concentration was measured in the untreated explants, and those treated with D-or L-glucose for 1 to 9 h. An appreciable reduction in the ATP was observed in explants exposed to D-glucose for 3 h (Fig. 11) . The ATP levels decreased progressively with further exposure to D-glucose for 9 h, and remained at this level for the remainder of the culture period. No appreciable decrease in the ATP levels were observed in explants treated with L-glucose. Concomitantly, a reduced [ 35 S]sulfate incorporation, reflective of de novo synthesis of sulfated proteoglycans, was observed (Fig. 12) . The incorporated radioactivity associated with proteoglycans is mainly confined to the fractions eluted above 0.3 M NaCl DEAE-Sephacel gradient, as previously described (28, 32) . Besides a decrease in the [ (Fig. 12) . The ATP alone did not increase the [ 35 S]sulfate incorporation from the basal levels in untreated embryonic explants. Lastly, exogenous addition of ATP into the medium also improved the morphological characteristics of the explants cultured in the presence of D-glucose (Fig. 1 C) . The explant size was ‫ف‬ 80% of the control L-glucose-treated embryonic kidneys. Although, a total recovery could not be achieved, the primary, secondary, and tertiary iterations of the ureteric bud branches, although thickened, were readily discernible. The acuteness of the tips of ureteric bud branches was not completely restored; however, the nephron population was much higher as compared to those in D-glucose treated explants (Fig. 1, C vs. B) , and a relatively few cells with condensed nuclei were seen in the metanephric mesenchyme.
Discussion
Recent in vitro studies on the rat embryo suggest that some of the aldohexoses, including mannose, fructose, galactose, and glucose, exert teratogenic effects that are mainly confined to the caudal half of the fetus (13, 14, 23) , but organ-specific glucose-induced dysmorphogenesis and the relevant mechanism(s) remain to be described. The present study reports D-glucose-induced dysorganogenesis of the embryonic kidneys (Fig. 1) . The dysmorphogenesis seems to be specific to D-glucose since L-glucose failed to induce any alterations in the embryonic kidney, suggesting the mechanism(s) involved are unrelated to nonenzymatic glycation (45) . In renal development, integrity of the mesenchyme and ureteric bud and proper epithelial/mesenchymal interactions are necessary for differentiation of the mesenchymal cells and formation of nephrons (24) . Thus, the abnormalities, such as branching dysmorphogenesis of the bud and loss of acute angularity of its tips, are expected to perturb proper epithelial/mesenchymal contacts, and thereby to induce dysmorphogenesis of the kidney. The disruption of epithelial/mesenchymal contacts leading to dysmorphogenesis of the kidney with atrophy of the mesenchyme has been reported in other studies as well (28, 46) . The atrophy of the mesenchyme not only leads to the cessation of nephrogenesis, but also to apoptosis of the mesenchymal cells (46) .
The apoptosis in the atrophic mesenchyme (Figs. 2 and 3 ) may partly be related to the perturbed epithelial/mesenchymal interactions, and partly to the direct inhibitory effects on DNA synthesis, since a reduced [ 3 H]thymidine incorporation was observed in the presence of glucose (Fig. 4) . Using [ 3 H]thymidine incorporation assay and acridine orange staining, other aldohexoses (e.g., galactose) have been shown to alter cell replication and induce apoptosis in ocular epithelial cells (47) . The findings of this investigation indicate that glucose can also affect the embryonic epithelial as well as mesenchymal cells. In vivo, the metanephric mesenchyme undergoes a certain degree of apoptosis during the initial stages of postinductive period of development (i.e., at days 12-14) and it regresses rapidly by the 15-17th day of gestation (48) . In the in vitro system, a mild degree of apoptosis was also observed in the controls, while it was drastically accentuated by the D-glucose treatment (Figs. 2  and 3 ). How the glucose accentuates or induces apoptosis, directly or indirectly, remains to be investigated. Available data indicate that apoptosis ensues with the inhibition of protein kinase C, activation of interleukin-1␤ converting enzyme-like enzymes, Caenorhabditis elegans cell death gene-3-like proteases and of calcium-sensitive endonucleases (49). The apoptosis can be inhibited by growth factors that use receptors with tyrosine kinase catalytic domains (46) . More recently, the apoptosis has also been shown to be influenced by reactive oxygen species (ROS) (50, 51) . Since ROS scavengers exert a protective effect against the aldohexose-induced embryonic malformations in vitro (21) , one may speculate that glucose treatment generates ROS that result in the apoptosis of the mesenchyme and subsequent renal dysmorphogenesis.
Besides apoptosis, the glucose-induced dysmorphogenesis may also be related to the alterations in the expression of morphogenetic ECM proteins, including PGs, laminin, fibronectin, and type-IV collagen. Previous observations indicate considerable alterations in the expression of type-IV collagen, laminin, and fibronectin, and in the matrix receptors in hyperglycemic state or in the presence of elevated concentrations of glucose in the medium (16, 33, 35, 36, (52) (53) (54) (55) ; however, in embryonic tissues, their expression seems to be largely unaffected (Figs.  5-9 ). The variations in these findings may be related to the culture conditions used where the cells have undergone certain phenotypic drifts; in the case of in vivo systems, one may be dealing with the prolonged effect of hyperglycemia in the presence of circulating cytokines; e.g., growth factors. Alternatively, the effects may not be readily discernible in the organ culture of a relatively short duration since the turnover of some of these ECM proteins (e.g., laminin) is rather low (34) . The decreased expression of HS-PG observed in this study is in line with previous observations made in other systems by us and others (34, 37, 56) . The morphogenetic effects of the PGs are probably related to the glycosaminoglycan (GAG) chains attached to the core peptide (57, 58) since the elimination of GAGs leads to dysorganogenesis (27, 28, 59) . Thus, the decreased expression of PGs, and consequential deficit of GAGs, led to the dysmorphogenesis of metanephros in the presence of D-glucose.
The question as to how glucose reduces the expression of PGs needs to be addressed. A number of mechanisms may be involved, including the effects mediated by ROS, since they induce structural damage in the PGs (60) . Other mechanisms may relate to the alterations in transcription, since both the protein as well as gene expressions of the HS-PG were affected (Figs. 5 and 9 ). Structural analysis of the 5Ј end and upstream region of the HS-PG (perlecan) has revealed the presence of two viral enhancer AP-2 motifs and three small palindromic repeats, which by forming secondary structures may regulate the expression of HS-PG (41). AP-2 mediates transcriptional activation either via cAMP-dependent protein kinase A or via phorbolester-and diacylglycerol-activated protein kinase C (43) . The protein kinase C is ubiquitously distributed in various tissues and it has been reported to alter the gene expression of certain ECM proteins; e.g., laminin, type-IV collagen, and fibronectin (61) . Presumably, protein kinase C-induced fibronectin expression is mediated by the transcription factor AP-1 (53) . The role of AP-1 in the expression of other matrix proteins remains to be investigated. In this investigation, studies were concentrated on the activity of AP-2 only since no AP-1 binding motifs are found in the promoter region of the HS-PG gene. With the D-glucose exposure, a marked reduction in the activity of AP-2 was observed (Fig.  10) , suggesting that glucose either reduced the intracellular concentration of AP-2 or its active moiety. The latter possibility is likely since insulin could normalize the DNA/protein interactions, conceivably by phosphorylation of the transcription factor AP-2 (Fig. 10) .
The above observations indicate that glucose may perturb various metabolic events that are dependent on intracellular phosphorylation or energy stores; i.e., ATP. In this regard, other aldohexoses (e.g., mannose) have been shown to induce depletion of ATP (13, 14, 22, 34) . The results of the present investigation indicate that, in addition to mannose, glucose can also induce depletion of cellular ATP (Fig. 11) . The decrease in ATP may lead to a reduced phosphorylation of AP-2, and consequential reduced gene expression of PGs. The decreased expression of PGs may also be directly affected by the depletion of ATP stores, since the PGs are heavily glycosylated and require substantial amounts of ATP for their synthesis and posttranslational modifications, including sulfation. A decreased [ 35 S]sulfate incorporation and lower charge-density of the PGs, observed under the influence of D-glucose, would support such a contention (Fig. 12) . Further support for this contention is provided by the fact that exogenous addition of ATP into the medium normalized the [ 35 S]sulfate incorporation, proteoglycan expression and metanephric morphology (Figs. 1 and 12 ). All the above described D-glucose-induced effects may be related to alterations in intracellular phosphorylation; however, the induction of apoptosis, an energydependent process (62) , remains unexplained. Conceivably, the intracellular ATP stores were sufficient to sustain the events involved in the induction of apoptosis. The fact that an absolute depletion of ATP could not be achieved throughout the entire period of metanephric culture would be supportive of such a notion. Finally, it is quite apparent from the findings of the present study that D-glucose-induced metanephric dysmorphogenesis is an intriguing phenomenon, and it would certainly require further extensive investigatory efforts to delineate the interdependence of various mechanisms involved at each step relevant to this complex process.
